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Centralspindlin, a complex composed of the subunits ZEN-4 and CYK-4, recruits and regulates proteins
that modulate the actin cytoskeleton to promote cleavage furrow formation and progression during
cytokinesis. The ZEN-4 subunit is a kinesin that is proposed to function primarily by bundling
microtubules and promoting transport of the complex to the midzone. ZEN-4 and CYK-4 are mutually
dependent for localization to the midzone during cytokinesis. Once at the midzone, the CYK-4 subunit
functions to recruit actin regulators and the scaffold anillin as well as to regulate RhoA and Rac via its
intrinsic GAP domain, ultimately promoting actomyosin contractile ring assembly. We have revealed a
distinct mechanism for centralspindlin localization and function at a stable, postmitotic intercellular
bridge in the Caenorhabditis elegans gonad. Loss of zen-4 or cyk-4 function disrupts germ cell
progression postmitotically. In contrast to the localization and recruitment relationships during
mitosis, centralspindlin is maintained at the intercellular bridge by anillin, and CYK-4 is localized
independently of ZEN-4 but not vice versa. We present evidence that centralspindlin function at the
rachis bridge involves ZEN-4 action on the microtubules as opposed to the regulation of the actin
cytoskeleton mediated by CYK-4 during cytokinesis.
& 2013 Elsevier Inc. All rights reserved.Introduction
Cytokinesis produces two distinct daughter cells in the ﬁnal step
of almost all cell divisions. However, cytokinesis is terminated prior
to abscission during the development of some tissues, most notably
during gametogenesis in many organisms, resulting in formation of
a stable intercellular bridge between daughter cells (Robinson et al.,
1994; Weber and Russell, 1987). Cytokinetic proteins often persist
postmitotically at these intercellular bridges (Haglund et al., 2011).
The need for maintaining the cleavage furrow machinery at the
intercellular bridge is not obvious based on proposed functions for
intercellular bridges such as cell-cell communication or bulk transfer
of material to the germ cells. This observation suggests that the
persisting cytokinetic machinery may have postmitotic functions that
are as yet unknown.
During the early mitotic divisions at the distal tip of the
Caenorhabditis elegans hermaphrodite gonad, cleavage is incomplete
and an intercellular bridge is stabilized. The result is a distinct
architecture in the meiotic region of the gonad, where hundreds of
germ cells occupy the periphery of the tubular gonad, but each of
these germ cells retains an intercellular bridge, called a rachisll rights reserved.
).
ng, Duke University Medicalbridge, that connects it to a common cytoplasmic pool called the
rachis (Fig. S1A) (Hall et al., 1999; Hirsh et al., 1976; Zhou et al.,
2009). The rachis bridge structurally resembles the mitotic cleavage
furrow. Similar to other stable intercellular bridges (Hime et al.,
1996), it retains at least a subset of macromolecules typically found
at the cleavage furrow during cytokinesis. For example, the scaffold
protein anillin is found in both the cleavage furrow and the
germline rachis bridge (D’Avino et al., 2008; Maddox et al., 2005).
We show in this study that centralspindlin is localized at the rachis
bridge and that the non-muscle myosin heavy chain NMY-2,
previously shown to be on germ cell membranes (Maddox et al.,
2005), is also enriched at the rachis bridge.
Centralspindlin is a tetrameric protein complex composed of a
dimer of ZEN-4 and a dimer of CYK-4. ZEN-4 is a kinesin-6 family
member called mitotic kinesin like protein 1 (MKLP1) in mam-
mals, and CYK-4 is a Rho family GAP called MgcRacGAP in
mammals. During cytokinesis, centralspindlin promotes forma-
tion of the central spindle, a structure composed of bundled
antiparallel microtubules (Jantsch-Plunger et al., 2000; Raich
et al., 1998). Both centralspindlin components are required for
localization of centralspindlin to the mitotic midzone; depletion
of either subunit causes the other component to remain in the
cytosol (Jantsch-Plunger et al., 2000). Microtubules and ZEN-4/
kinesin-based transport are important for enriching centralspin-
dlin at the midzone (Hutterer et al., 2009; Matuliene and
Kuriyama, 2002). Once localized at the newly formed midzone,
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netic factors to the cleavage plane. For example, centralspindlin is
important for localization of the scaffold protein anillin (Gregory
et al., 2008; Piekny and Glotzer, 2008) as well as the Rho family
GEF Ect2, which subsequently activates the Rho family GTPase
RhoA (Su et al., 2011; Yuce et al., 2005). RhoA (RHO-1 in C.
elegans) promotes actomyosin contractile ring assembly by pro-
moting the polymerization of non-branched F-actin through its
effector formin (Yuce et al., 2005). The GAP activity of CYK-4 is
also proposed to contribute to contractile ring assembly by locally
inactivating RhoA, thereby promoting ﬂux of RhoA through the
GTPase cycle at the cleavage furrow, and by inactivating Rac to
inhibit branched actin polymerization (Canman et al., 2008;
Miller and Bement, 2009).
Centralspindlin function outside of cytokinesis is not well eluci-
dated. It has been reported to function postmitotically to polarize
the C. elegans foregut epithelium (Portereiko et al., 2004) and
to regulate Rho signaling at epithelial junctions (Ratheesh
et al. 2012). Additionally, expression of the CYK-4 subunit of
centralspindlin in the C. elegans germline has been noted pre-
viously, and cyk-4 mutant animals exhibit morphological defects
in the post-mitotic, proximal gonad (Jantsch-Plunger et al., 2000).
We have used the process of germ cell progression within the
C. elegans gonad as a model to examine postmitotic centralspindlin
function.
Germ cell progression is a highly ordered process. The germ
cells are generated from stem cells in the mitotic distal tip of the
gonad. Postmitotic germ cells then undergo a systematic and
highly coordinated progression through meiosis to ﬁnal produc-
tion of a large oocyte (Fig. S1A). Approximately ten germ cells
occupy the periphery at any point along the meiotic region of the
gonad (Fig. S1B). The size of each germ cell increases as it moves
through the loop and into the proximal gonad. Coupled with the
expanding cell size is a decrease in the number of germ cells
(Fig. S1B) due to elimination of the excess germ cells by programmed
cell death (Gumienny et al., 1999). From the group of cells nearing the
loop, two rows of germ cells emerge on opposite sides of the gonad.
The leading front of the germ cells on one side appears to lag behind
the group on the other side (indicated by arrows in Fig. S1C, D). These
rows are juxtaposed in the gonad at the proximal side of the loop
region, and they intercalate to form a single row of uniform oocytes in
the proximal arm of the gonad. As germ cells enter oogenesis in the
proximal region of the gonad, individual germ cells acquire cyto-
plasm, expand dramatically in size and then completely cellularize.
Cellularization of the oocytes is likely related to cytokinesis (Green
et al., 2011). Each oocyte occupies the whole tubular space in the
proximal gonad. In whole, the progression of germ cells from the
mitotic distal zone through the loop region is well controlled to
maintain an architecture favorable to a smooth germ cell-to-oocyte
transition. This system provides a model where temporal progression
of germ cell development can be studied via examination of different
positions along the length of the gonad. We have speciﬁcally focused
on the progression at the oocyte commitment region to study post-
mitotic functions of centralspindlin.Materials and methods
Maintenance and culture of C. elegans
All strains were grown on standard culture plates as described
(Brenner, 1974). The temperature-sensitive mutants nmy-2(ne3409)
(Liu et al., 2010), zen-4(or153) (Severson et al., 2000), cyk-
4(or749) (Canman et al., 2008), ect-2(ax751) (Zonies et al., 2010)
and corresponding wild-type animals were maintained at 15 1C
prior to performing temperature shift experiments. Strains expressingRHO-1::GFP (unc-119(ed3); tjIs1) or SYN-4::GFP (ok372; xuIs88)
have been previously described (Motegi et al., 2006; Zhou et al.,
2009). Strains cyk-4(or749); gfp::zen-4 and zen-4(or153); cyk-
4::gfp were made by crossing each temperature-sensitive allele
with the corresponding GFP-expressing strains (strains OD63
gfp::zen-4 and WH279 cyk-4::gfp). Since both strains are obligate
heterozygotes that throw heterozygous animals expressing GFP
and non-GFP, uncoordinated homozygous animals, only non-Unc
worms were selected for strain maintenance and microscopic
analysis.
RNAi
All RNAi expressing bacteria except ani-2 were from the
C. elegans genome-wide RNAi library (Kamath and Ahringer, 2003)
2003) (Source BioScience LifeSciences, Nottingham, UK). Identity
of all RNAi clones was conﬁrmed by sequencing. ani-2 RNAi was
made by PCR ampliﬁcation of ani-2 genomic sequence ﬂanking
exon 8 and exon 9 from a wild-type N2 strain lysate. Primers used
for PCR were 50GTTGCTAGCAGAAATGCATCCAAGTGTTCACATGGG
30 and 50CGTGGTACCGAGATGGATAGCAATATTCGAAATCAC30. The
ampliﬁed fragment was inserted into the RNAi expression vector
L4440 after digestion with Nhe I and Kpn I. The resulting plasmid
was transformed into bacterial strain HT115. RNAi experiments
were performed by growing L1 animals on plates with bacteria
expressing double stranded RNA as previously described (Zhou
et al., 2009). Phenotypes were assayed in the gonad of the
resulting adult animals. To score the effect of ani-2 RNAi on
CYK-4::GFP and ZEN-4::GFP localization, L1 animals were placed
on the RNAi plates and raised to adulthood. Gonads were
extruded, ﬁxed with 4% paraformaldehyde, and mounted onto
the slide with medium containing DAPI (Vector Laboratories,
Burlingame, CA USA). We took images of all gonads on the slide.
Based on the severity of the gonad disruption, we grouped these
animals into three categories: the normal gonad in which the
nuclear position of germ cell is intact; the moderately disrupted
gonad, in which the nuclear position of germ cell is slightly
altered and the severely disrupted gonad, in which the nuclear
position is completely altered. The localization of GFP::ZEN-4 and
CYK-4::GFP were compared with gonads from animals fed with
control RNAi.
Gonad culture and drug treatment
We extruded adult hermaphrodite gonads and cultured them
for drug treatments as described (Wolke et al., 2007; Zhou et al.,
2009). Extruded gonads were transferred to a 35 mm tissue
culture dish containing ECM (84% Leibovitz L-15 medium [Invi-
trogen], 9.3% FBS [Hyclone], 4.7% sucrose, 0.01% levamisole, and
2 mM EGTA) and 10 mg/ml nocodazole (Sigma-Aldrich) or 2 mM
latrunculin A (Enzo Life Sciences). After gently rocking on a
platform for 1 h, gonads were immediately ﬁxed with 4%
paraformaldehyde and then washed twice with PBST buffer
(PBS containing 0.1% Tween 20) before being prepared for
immunoﬂuorescence.
Immunoﬂuorescence and microscopy
Fixed gonads were extensively washed with PBST buffer and
then permeabilized with 3% Triton X-100 in PBS buffer for
30minutes. Primary ani-2 (rabbit IgG, provided by K. Oegema,
UCSD) and a-tubulin (T9026; Sigma-Aldrich) antibodies were
diluted 1:200 in PBSBT buffer (PBS containing 0.1% Tween 20
and 3% BSA) and incubated with samples at 4 1C overnight.
Corresponding Alexa Fluor 488- and 568-conjugated secondary
antibodies (Invitrogen) were diluted in PBSBT buffer to a ﬁnal
Fig. 1. RNAi of centralspindlin components zen-4 and cyk-4 disrupts germline architecture in the oocyte commitment region of the gonad. g-tubulin::GFP-expressing
animals were subjected to RNAi treatment beginning in the ﬁrst larval stage. Gonads were extruded when the animals reached adulthood and then stained for a-tubulin
(red) and DAPI (blue). The g-tubulin::GFP marks the germ cell membranes. (A,C) In the gonad of control RNAi treated animals, two rows of germ cells (arrowheads) extend
into the loop region and intercalate into a single ﬁle of developing oocytes (arrow). (B,D) We examined the gonad of ten zen-4(RNAi) animals, intercalation failed in all
gonads resulting in progression of developing oocytes (arrows) alongside a row of smaller germ cells (arrowheads) as well as oocytes of nonuniform size (diamonds).
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temperature for 1 h followed by incubation with 10 mg/ml DAPI
(Sigma-Alrich) for 5 min. Alexa Fluor 488- and 568-conjugated
pholoidin (1:500 dilution in PBST, Cytoskeleton, MD) were used
to stain ﬁlamentous actin. Images were acquired using an Olympus
Fluoview 1000 confocal microscope equipped with PalnApo
601.42 NA oil lens. Images were captured with FV10-ASW
software. To view GFP expression in live animals, adult hermaph-
rodites were paralyzed in M9 buffer (3 g KH2PO4, 6 g Na2HPO4, 5 g
NaCl, 1 ml 1 M MgSO4, H2O to 1 l) (Stiernagle, 2006) containing
Tricaine/Tetramisole (2.5 ml of 0.2% tricaine and 0.02% tetramisole).Results
Centralspindlin components ZEN-4 and CYK-4 are required for germ
cell progression in the post-mitotic C. elegans gonad
To study centralspindlin function in the C. elegans germline, we
ﬁrst subjected animals to RNAi targeting zen-4 or cyk-4 and
examined them for defects in gonad architecture. Consistent with
previous reports, RNAi of either component of the centralspindlin
complex caused similar phenotypes in the germline (Jantsch-Plunger
et al., 2000) (Fig. S2). Animals exposed to zen-4 RNAi from the L1
stage produce a few dead eggs and then uniformly become sterile.
Careful examination of the postmitotic region of the gonad in the
sterile animals revealed that RNAi of zen-4 or cyk-4 resulted in lack ofintercalation of germ cells as they exited the loop region and the
development of oocytes that were not uniform in size (Fig. 1). Because
centralspindlin is necessary for cytokinesis, one interpretation of any
RNAi experiments is that the observed phenotypes in the proximal,
post-mitotic region of the gonad are the result of primary cytokinetic
defects that occurred early in germ cell development resulting in
secondary defects in germ cell progression. We turned to analysis of
temperature sensitive alleles to better separate expected mitotic
effects from post-mitotic functions.
It takes approximately 48 h for a newly-generated germ cell to
progress from the mitotic zone to the oocyte commitment region
at 20 1C (Jaramillo-Lambert et al., 2007). This progression is four
to 5 h faster at 25 1C (K. Zhou, unpublished observations). Adult
zen-4(or153 ts) or cyk-4(or749 ts) animals have a normal gonad
that is fully populated with all stages of germ cells when cultured
at the permissive temperature (not shown). To speciﬁcally exam-
ine post-mitotic germline cells, we shifted adult zen-4(or153 ts) or
cyk-4(or749 ts) animals, which have normal gonad architecture,
to the restrictive temperature for only 12 h. Cells that were
entering the oocyte commitment region at the loop at the end
of this 12-h period were post-mitotic during the entire experi-
ment. In all shifted animals (n4500), we observed clusters of
rounded germ cells (Fig. 2B,C arrowheads), oocytes with multiple
nuclei (Fig. 2B,C arrows), and cells of atypical size (Fig. 2B,C
diamonds) in the proxmal gonad. The defects in germline archi-
tecture in the proximal region of the gonad are consistent with a
post-mitotic function for centralspindlin in C. elegans germline
Fig. 2. Temperature sensitive alleles of centralspindlin components have post-mitotic phenotypes in the gonad. (A) Oocyte commitment region at the loop of a wild-type gonad.
Fluorescent labeling of F-actin (green) and nuclei (DAPI, blue) reveals a single row of germ cells in the loop. Oocyte commitment region of a representative (B) zen-4(or153
ts) or (C) cyk-4(or749 ts) gonad that have each been maintained at the restrictive temperature for 12 h. Abnormally clustered cells (arrowheads), nonuniformly sized
oocytes (diamonds) and cells with multiple nuclei (arrows) are visible in the oocyte commitment region. These phenotypes are completely penetrant. Over 500 animals
were examined in a total of more than 10 experiments for each genotype. (D) Gonad of wild-type animal and (E) cyk-4(or749 ts) mutant maintained at the restrictive
temperature for 2 h. The mutant has oocytes in the postmitotic region with more than one nucleus (arrow) and atypical morphology, indicating abnormal oocyte
progression.
Fig. 3. Centralspindlin localizes to the rachis bridge. Gonads of adult animals expressing either GFP::ZEN-4 or CYK-4::GFP were stained with F-actin (red). (A) GFP::ZEN-4
(green) speciﬁcally localizes to the boundary between the germ cells and the rachis of all animals. (B) F-actin (red) outlines the germ cell membranes. (C) F-actin and
GFP::ZEN-4 co-localize (yellow) around the rachis bridge in all animals examined (n425). (D) A confocal frame showing the circumference of the rachis bridges. Note that
the optical plane for visualizing the bridge circumference is easily identiﬁed because the rachis bridge is round in cross section as opposed to the polygonal shape of the
germ cell body in cross section. GFP::ZEN-4 is seen surrounding the rachis bridge (arrow). (E) GFP::ZEN-4 also appears on or in the nuclei of germ cells in the loop region
and the nuclei of oocytes. (F) The CYK-4::GFP localization pattern is identical to that of ZEN-4::GFP.
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temperature shifts. cyk-4(or749 ts) is a fast-inactivating allele that
has a fully penetrant cytokinesis defect after 1 min at the restrictive
temperature (Canman et al., 2008). When adult cyk-4(or749 ts)
animals were placed at the restrictive temperature for 2 h, the germ
cell to oocyte transition was disrupted in 15% of gonads (n¼20);
some oocytes in the proximal gonad were misshapen and others
contained more than one nucleus (Fig. 2E arrows). An adult
hermaphrodite typically generates one oocyte every 20 min
(McCarter et al., 1999). Therefore this defect was produced shortly
after the temperature shift, indicating that maintenance of germline
architecture during the germ cell-to-oocyte transition is sensitive to
acute disruption of centralspindlin. The completely penetrant defect
observed after the 12-h temperature shift suggests that maintenanceof organization becomes progressively more disrupted and that
centralspindlin function over a period of time contributes to main-
tenance of architecture in the post-mitotic gonad.
ZEN-4 and CYK-4 localize to the membrane of the rachis bridge
To further elucidate the post-mitotic function of centralspindlin,
we used animals with GFP reporter transgenes to examine the
localization of ZEN-4 and CYK-4 in the gonad. In contrast to F-actin,
which associated with the entire membrane of the germ cell,
GFP::ZEN-4 localized speciﬁcally to the subregion of the germ cell
membranes that separates each germ cell from the rachis, i.e., the
rachis bridge (Fig. 3). Localization to the rachis bridge was main-
tained throughout the gonad and into the proximal region until the
Fig. 4. ZEN-4 is not required for localization of CYK-4 but CYK-4 function is required for localization of ZEN-4 to the rachis bridge. (A) CYK-4::GFP and (B) ZEN-4::GFP were
localized at the rachis bridge as expected in the presence of temperature sensitive mutations in centralspindlin components when maintained at the permissive
temperature. (C–D) F-actin (red) outlines the germline membranes and DAPI (blue) marks the nuclei of extruded gonads from adult animals that were maintained at the
restrictive temperature for 12 h. (C) CYK-4::GFP localization is maintained in the zen-4(or153 ts) background (n¼12) (D) GFP::ZEN-4 disappears from membranes in the
cyk-4(or749 ts) background (n¼9) and is barely visible in the oocyte nuclei.
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GFP::ZEN-4 also appeared on or in nuclei as the transition to
oogenesis was initiated and remained associated with oocyte nuclei
in the proximal gonad (Fig. 3E). CYK-4::GFP has the same localiza-
tion pattern as GFP::ZEN-4 (Fig. 3F), consistent with the previously
reported localization pattern of CYK-4 (Jantsch-Plunger et al., 2000).
We conclude that the centralspindlin complex is positioned to play
an organizational role in the gonad.
CYK-4 localization is independent of ZEN-4 but CYK-4 activity is
required for ZEN-4 localization
Based on the mutual dependence of CYK-4 and ZEN-4 for
localization to the midbody during cytokinesis and the require-
ment for microtubules for proper localization of the complex
(Hutterer et al., 2009; Jantsch-Plunger et al., 2000), we hypothe-
sized that the localization of ZEN-4 and CYK-4 at the rachis bridge
would be mutually dependent and would require microtubules.
To test this hypothesis, we generated zen-4 ts mutants expressing
CYK-4::GFP and cyk-4 ts mutants expressing GFP::ZEN-4. We ﬁrst
demonstrated that the GFP expression patterns in the tempera-
ture sensitive mutant backgrounds when maintained at the
permissive temperature are the same as in the wild-type back-
ground (Fig. 4A,B).
The zen-4(or153 ts) mutation was previously shown to abolish
interaction with CYK-4 and to disrupt localization of CYK-4 to the
central spindle (Pavicic-Kaltenbrunner et al., 2007). Thus, we
expected to see loss of CYK-4::GFP localization in the zen-4 ts strain
at the restrictive temperature. However, we found that CYK-4::GFP
remained on the membrane of the rachis bridge as well as the germ
cell nuclei in the zen-4(or153 ts) mutant at the restrictive tempera-
ture (Fig. 4C). We conclude that, unlike localization to the central
spindle in mitotic cells, localization of CYK-4 to the rachis bridge
does not depend on the interaction with ZEN-4.Because the cyk-4(or749 ts) mutation affects CYK-4 GAP activity,
but not its expression or its localization in the dividing embryo
(Loria et al., 2012), we predicted that GFP::ZEN-4 would remain at
the membrane in the cyk-4(or749 ts) mutant background. However,
the GFP::ZEN-4 signal disappeared from the membrane and was
attenuated in the germ cell nuclei in the cyk-4 ts background
(Fig. 4D). We next tested the role of microtubules in localization of
the centralspindlin complex in the germline. Neither GFP::ZEN-4
nor CYK-4::GFP localization were altered in gonads treated with
nocodazole to depolymerize microtubules, although most micro-
tubules were disrupted (Fig. S3). We conclude that localization of
centralspindlin to the rachis bridge depends neither on microtu-
bules nor on the kinesin motor activity of ZEN-4. Rather, CYK-4 and
its GAP activity play an essential role in localization of centralspin-
dlin at the rachis bridge.
Anillin is required for localization of centralspindlin at the
rachis bridge
The Drosophila homolog of CYK-4, RacGAP50C, binds to anillin
(D’Avino et al., 2008; Gregory et al., 2008; Piekny and Glotzer,
2008), and human MgcRacGAP/CYK-4 can also bind human anillin
(Frenette et al., 2012). While it is not known if CYK-4 can interact
with any of the three C. elegans anillins, one anillin, ANI-2, is
localized in the gonad with a pattern similar to that of CYK-4 and
ZEN-4 (Maddox et al., 2005). We therefore tested whether ANI-2
was dependent on centralspindlin for its localization.
We examined ANI-2 expression in a cyk-4(or749 ts) mutant
using immunohistochemistry, but did not detect any loss of ANI-2
expression or change in localization in the germline (data not
shown). In contrast, ani-2(RNAi) treatment diminished the GFP
signal of GFP::ZEN-4 (not shown) and CYK-4::GFP (Fig. 5) at the
rachis bridge with increasing penetrance over a time course
of RNAi exposure. Expression on or in nuclei was not affected.
Fig. 5. Anillin is required for centralspindlin localization in the gonad. (A) Immunostaining of ANI-2 (red) shows membrane localization at the rachis bridge. (B–D) CYK::GFP
expressing animals treated with (B) control RNAi or (C and D) ani-2 RNAi. Germ cells entering oogenesis were (C) moderately disordered (arrows) or (D) severely
disordered in gonads in which CYK-4::GFP disappeared from the rachis (but remained on the nuclei). (E) Correlation between CYK-4::GFP expression (bright, diminished or
undetectable) at the rachis bridge and gonad morphology defects. Longer exposure to ani-2 RNAi results in an increase in percentage of animals that lack CYK-4::GFP at the
rachis bridge and a corresponding increase in percentage of animals with atypical organization in the oocyte commitment region.
K. Zhou et al. / Developmental Biology 376 (2013) 13–2218As CYK-4::GFP became progressively more faint over time, gonad
architecture became progressively more disrupted (Fig. 5D). From
these data, we can place ANI-2 upstream of CYK-4 and ZEN-4 in
the localization of centralspindlin within the germline.
Because HIM-4 is the only other protein we know that is localized
at the rachis bridge, we also created a cyk-4(or749 ts) strain
expressing HIM-4::GFP and carried out the same temperature shift
assay. HIM-4::GFP localization did not change in the cyk-4(or749 ts)
mutant (not shown). Moreover, him-4 (RNAi) had no effect on
CYK-4::GFP localization (not shown). We conclude that hemicentin
is not required for localization of centralspindlin in the germline,
neither is localization of hemicentin downstream of centralspindlin.
F-actin is required for maintaining germline architecture, including
the rachis bridge, but not for general targeting of anillin and
centralspindlin to the membrane
Anillin is a scaffold protein that binds to actin and myosin
through distinct domains in its N-terminus. During cytokinesis
it is thought to link RhoA with the actomyosin contractile
ring (D’Avino, 2009; Zhang and Maddox, 2010). However, the
C. elegans anillin ANI-2 lacks the conserved N-terminal actin and
myosin binding domains (Maddox et al., 2005). Nonetheless, it is
co-localized with F-actin in the gonad (data not shown), and we
hypothesized that centralspindlin might be localized by an inter-
action between ANI-2 and actin. We investigated this idea by
depolymerizing F-actin in cultured gonads with Latrunculin A(LatA). After a 1-h incubation in 2 mM LatA, the germ cell
membranes collapsed to the gonad periphery, destroying the
rachis bridge (Wolke et al., 2007; Zhou et al., 2009) (Fig. 6A,B).
It is unclear if a membrane subdomain containing proteins that
were speciﬁc to the rachis bridge is maintained. However, in the
LatA-treated gonads of CYK-4::GFP expressing animals, we found
that CYK-4::GFP remained on the collapsed membranes, which
lacked F-actin signal (Fig. 6C,D). We stained the LatA-treated
gonads for ANI-2 and observed that CYK-4::GFP and ANI-2
remained co-localized at the collapsed membranes (Fig. 6E,F).
We conclude that although F-actin is required for maintaining
germline architecture, it is not responsible for recruiting ANI-2 or
centralspindlin to the membrane.
Neither RHO-1 (RhoA) nor NMY-2 localization are affected in the cyk-
4 mutant germline
We next asked if the function of centralspindlin at the rachis
bridge involved localization or regulation of proteins involved in
cytokinesis in embryos. Although C. elegans ECT-2 has not been
observed at the central spindle (Motegi et al., 2006), it does play a
role in cytokinesis in embryos (Sonnichsen et al., 2005). Thus, we
tried to examine ECT-2 expression and function. Although we did
not see ECT-2 expression in the germline of a strain bearing an
ect-2::gfp transgene expressed from the germline pie-1 promoter,
we did observe that the weak hypomorphic ect-2(ax751 ts) allele
(Zonies et al., 2010) has germline defects similar to that of a cyk-4
Fig. 6. F-actin is required for maintaining germline architecture but not for localization of ANI-2 or CYK-4 to the membrane. (A and B) Depolymerization of F-actin by latrunculin
A (LatA) causes germ cell membranes (marked with SYN-4::GFP) to collapse toward the gonad periphery. (C and D) F-actin is not required to target CYK-4 to the
membrane. (C) CYK-4::GFP (green) colocalizes with F-actin (red) at the rachis bridge (arrow). (D) LatA treatment removes F-actin signal but the CYK-4::GFP remains on the
collapsed membranes (n¼10). (E and F) ANI-2 and CYK-4 co-localize on the membrane of (E) control and (F) LatA treated gonads (n¼10).
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line phenotype much more severe than cyk-4 ts animals (not
shown). Moreover, ECT-2 is necessary for hemicentin to localize
to the rachis bridge (Xu and Vogel, 2011), while CYK-4 is not,
indicating that ECT-2 acts differently than centralspindlin in the
gonad and may have a broader role in regulating germline
development than centralspindlin.
In the germline, RHO-1 localizes to the germ cell membrane
and concentrates near the rachis bridge (Fig. S4A). However, RHO-
1::GFP localization was not affected in the cyk-4(or749 ts) back-
ground (Fig. S4B). Thus, CYK-4 activity does not affect RHO-1
localization in C. elegans germ cells as it does in mitotic cells.
Because the rachis bridge resembles an incomplete cleavage
furrow during cell division, we hypothesized that regulation of
contractile ring function might be required for maintaining germline
architecture. To investigate this hypothesis, we examined the loca-
lization of C. elegans non-muscle myosin NMY-2, one of the key
actomyosin ring components (Cuenca et al., 2003; Piekny and Mains,
2002). In the previous study, NMY-2 antibody revealed localization
to the entire membrane of the germ cell (Maddox et al., 2005).
However, we observed enrichment of NMY-2::GFP speciﬁcally at the
membrane surrounding the rachis bridge similar to ZEN-4 and CYK-4
(Fig. S4D). We also observed NMY-2::GFP in puncta in the distal
germline. Because of the small size of the germ cells, we could not
determine if NMY-2::GFP exclusively localized to the membrane or is
also present in the cytosol. At the loop region where the germ cells
enlarge and undergo oocyte commitment, NMY-2::GFP displayed
clear germ cell membrane localization (data not shown). However,
the NMY-2::GFP localization pattern was not altered in the cyk-
4(or749 ts) background even though the germline structure was
disrupted (Fig. S4E). We attempted to examine NMY-2 function in
the post-mitotic region of the gonad. However, the weak phenotypeof nmy-2(ne3409 ts) in the gonad in comparison to nmy-2(RNAi)
suggests that the temperature sensitive allele is a weak hypomorph
and precluded us from making a deﬁnitive conclusion. Our analyses
suggests that centralspindlin does not affect localization of actomyo-
sin ring components as in cytokinesis and the function of central-
spindlin at the rachis bridge may be distinct.
Centralspindlin may regulate germline microtubule organization
Regulation of the actin cytoskeleton downstream of CYK-4 is
important for cytokinesis, but our experiments do not point to a
similar function in maintenance of gonad architecture or germ cell
progression. Instead the knownmediator of actin regulation, CYK-4, is
upstream of ZEN-4 in localization at the rachis bridge. So we
considered the hypothesis that the localization of the centralspindlin
complex at the rachis bridge might be mediated by CYK-4 while the
relevant functional output might be mediated by ZEN-4. To deter-
mine if the ZEN-4 kinesin motor regulates microtubule arrangement
at the rachis bridge, we looked for changes in microtubule organiza-
tion immediately upon loss of centralspindlin from the membrane.
We looked for an acute effect of centralspindlin on the microtubule
organization by extrusion gonads of cyk-4 ts mutants after a 2-h
incubation at the restrictive temperature and visualization of the
microtubules with an g-tubulin antibody. Microtubule staining is
easily achieved in the germ cells but more difﬁcult to achieve in the
rachis. It may be that a barrier resistant to Triton X-100 permeabiliza-
tion is present at the germ cell/rachis boundary. We achieved good
antibody penetration into the rachis of several cyk-4 mutant animals
allowing observation of microtubules at approximately 50 wild-type
and mutant rachis bridges. In gonads of wild-type animals, we
observed robust microtubule bundles passing through the rachis
bridge of approximately 70% of the rachis bridges, but in cyk-4
Fig. 7. Centralspindlin complex regulates microtubules in the germline. Adult animals were incubated at the restrictive temperature for 2 h and then extruded gonads were
stained for F-actin (green) and a-tubulin (red). (A) Arrows indicate robust microtubule bundles passing through the rachis bridge in the germline of wild-type (WT)
animals. (B) Few microtubule bundles are seen in the germline of the cyk-4(or749 ts) mutant. (C) A confocal image with visible microtubule bundles in the rachis of wild-
type animals (arrows). (D) The merged image indicates that the bundles correspond to the rachis bridge (arrow). (E and F) Similar microtubule bundles are not seen in the
cyk-4 mutant gonad. (G) Quantiﬁcation of number of rachis bridges with microtubule (MT) bundles in wild-type and cyk-4 mutants. 56 rachis bridges were counted in a
total of ﬁve wild-type gonads and 49 rachis bridges were counted in a total of ﬁve cyk-4 mutant gonads. Error bars indicate standard deviation of means among gonads.
Difference between wild type and cyk-4 mutants is signiﬁcant (Student’s T-test po0.005).
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bundles (Fig. 7). This observation is consistent with an acute effect
of centralspindlin on microtubule organization. We speculate that
the postmitotic function of centralspindlin in maintenance of
germline architecture in the C. elegans gonad involves regulation
of microtubule organization at the rachis region.Discussion
A postmitotic function for centralspindlin
Although centralspindlin is named for its role during cytokinesis,
the complex persists in some postmitotic cells. We have demon-
strated that the centralspindlin that persists at the intercellular
rachis bridge in the C. elegans gonad is required post-mitotically in
maintaining germline architecture. Evidence for a post-mitotic func-
tion comes from examination of temperature sensitive alleles of
centralspindlin components. When cyk-4ts adults that are actively
producing normal oocytes are shifted to the restrictive temperature
for only 2 h, the orderly transition of post-mitotic germ cells to
oogenesis at the loop region of the gonad begins to fail. This
phenotype is completely penetrant after 12 h at the restrictive
temperature, a period of time sufﬁcient for production of about
30 oocytes but insufﬁcient for any germ cells that were mitotic
during the temperature shift to have progressed to the oocyte
commitment region. The short temperature shifts shows that acute
disruption of centralspindlin function causes structural problems.
The increase in penetrance after 12 h suggests that the long-termeffect of disrupted function is cumulative. Structural changes in the
size and shape of the rachis and the rachis bridge accompany the
transition to oogenesis and problems in maintaining gonad structure
in this region likely accounts for at least part of the phenotype of zen-
4 and cyk-4 mutants. However, germ cells prior to the loop region
also contribute to oogenesis as the source of the material to be
loaded into each oocyte as it expands in size. Thus, we propose that
small changes in regions distal to the loop may lead to changes in
oocyte development, particularly oocyte size, at the loop.
In cytokinesis, anillin and ECT-2 are recruited to the cleavage
furrow by centralspindlin. Anillin subsequently acts as a scaffold for
components of the actomyosin contractile apparatus and its regula-
tors, and ECT-2 regulates RhoA activity to promote assembly of the
contractile apparatus (D0Avino, 2009; Piekny and Glotzer, 2008;
Piekny and Maddox, 2010). In addition, the CYK-4 subunit of
centralspindlin regulates the actin cytoskeleton via its GAP
activity to promote furrow formation and progression. We investi-
gated if centralspindlin functions similarly at the rachis bridge and
found that both the mechanism for localization of the centralspindlin
complex at the rachis bridge in the C. elegans germline and the
downstream output of centralspindlin function are distinct from that
of centralspindlin during cytokinesis.
Mechanistic differences between the cytokinetic furrow and the
rachis bridge
Localization of centralspindlin to the rachis bridge: CYK-4 and anillin
The anillin ANI-2 is required for localization of centralspindlin
at the C. elegans rachis bridge. This is in contrast to the role of
Fig. 8. Mechanistic difference between centralspindlin protein complex assembly
at the germline rachis bridge and the cytokinetic furrow. (A) Centralspindlin
complex acts as a midzone organizer that recruits and modulates other cytokinetic
factors at the cleavage furrow. (B) In the germline the centraspindlin complex is
sequentially assembled to the membrane at the rachis bridge. Anillin ANI-2 is
upstream of this assembly pathway. It remains to be investigated whether a
regulatory mechanism exists to inhibit the contraction of the actomyosin ring at
the rachis bridge in the germline.
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cytokinesis. Moreover, CYK-4 localizes to the rachis bridge in the
absence of ZEN-4 suggesting that CYK-4 and ZEN-4 have a
sequential relationship in localization at the rachis bridge as
opposed to the mutual dependency for localization at the cytoki-
netic midzone (Fig. 8A).
We also found that the GAP activity of CYK-4 is important for
localizing ZEN-4 at the rachis bridge. The cyk-4(or749 ts) muta-
tion is in the GAP domain of CYK-4. In cyk-4(or749 ts) mutant
embryos the CYK-4 protein is still expressed. Moreover, the
subunit encoded by cyk-4(or749) still interacts with ZEN-4 and
promotes formation of the central spindle. In contrast, we found
that the GAP activity of CYK-4 has an essential role in recruiting
and/ or maintaining ZEN-4 at the rachis bridge; ZEN-4 does not
localize to the rachis bridge in cyk-4(or749 ts) mutants. It is also
clear that localization of wild-type CYK-4 to the rachis bridge in
the absence of ZEN-4 is insufﬁcient to provide partial function in
the gonad unlike in cytokinesis where CYK-4 with a mutant GAP
domain supports initiation of furrow formation even though it
fails to maintain the furrow, which later regresses (Canman et al.,
2008; Loria et al., 2012).
Actomyosin contractile ring
It is intriguing that although the major components of the
actomyosin contractile ring are present at the rachis bridge, the
bridge is stable and does not contract. In fact, when the germ cell
progresses to the loop region, the rachis bridge actually enlarges
to facilitate the acquisition of cytoplasm. Enlargement of the
intercellular bridge during progression of germ cell development
is a conserved feature seen during Drosophila ring canal devel-
opment (Ong and Tan, 2010) and mammalian spermatogenesis
(Weber and Russell, 1987), where stable intercellular bridges
connect germ cells with nurse cells and developing sperm with
each other, respectively. We speculate that there might be a
regulatory mechanism in the germline to inhibit myosin activity,
blocking or even reversing contraction of the actomyosin ring at
the rachis bridge in the proximal gonad (Fig. 8). Inhibition of
actomyosin contraction plays a role in arresting cytokinesis
during Drosphila ring canal formation (Ong et al., 2010), and a
series of subsequent maturation steps build an elaborate stable
ring canal structure. Similarly, arrested cytokinesis is followed by
maturation of a stable bridge with a distinct protein composition
in mammalian spermatogenesis (Greenbaum et al., 2007).Cenralspindlin remains localized at both of these structures but
additional protein components stabilize the intercellular bridges
(Greenbaum et al., 2007). This stage of germline progression
when the rachis bridge enlarges seems particularly sensitive to
loss of centralspindlin function; the orderly transition to oogen-
esis starts to fail as soon as 2 h after the shift of cyk-4(or749 ts) to
the restrictive temperature. It may be that recruitment of stabi-
lizing factors during maturation of the rachis bridge is defective in
the absence of centralspindlin. It remains possible that persis-
tence of the contractile apparatus at the rachis bridge is also
required for full cytokinesis when oocytes are actually partitioned
at the terminal stages of oogenesis.
ECT-2 and RHO-1
In the embryo, ECT-2 is targeted to the cell cortex by the
centralspindlin complex. At the cortex ECT-2 regulates RHO-1 activity
to execute cytokinesis. We examined an ect-2::gfp strain but did not
observe GFP signal in the germline. Therefore we could not analyze
whether ECT-2 localization in the germline is subject to regulation by
centralspindlin as it is in cytokinesis. Assays to examine ECT-2
function using a temperature sensitive mutant in ect-2, revealed a
germline architecture similar to that of the cyk-4(or749 ts) mutant.
However, the disruption in the germline produced by ect-2 RNAi is
more severe than the phenotype of cyk-4 (RNAi) (data not shown).
Moreover, a previous study showed that hemicentin, an extracellular
matrix protein that also localizes to the rachis bridge in the germline,
is not localized in the germline of the ect-2 mutant (Xu and Vogel,
2011). Our results indicated that the germline localization of hemi-
centin is not altered by cyk-4 (RNAi). Thus, both ECT-2 and central-
spindlin are implicated in maintaining germline architecture, but
ECT-2 appears to have broader impact on germline development than
the centralspindlin complex. It remains possible that CYK-4 could
function to regulate some aspects of ECT-2 function.
In cytokinesis, RHO-1 (RhoA) is the primary small GTPase of
the cytokinetic signaling pathway. The cortical localization of
RHO-1 is altered in cyk-4(or749 ts) mutant embryos. While RHO-
1 localizes to the germ cell membrane, including the rachis
bridge, this localization is not altered in the cyk-4(or749) mutant,
suggesting that CYK-4 activity is not essential for the proper
localization of RHO-1 in the germline. Nonetheless, it remains to
be investigated whether the activity of RHO-1 is regulated by
CYK-4 in this context.
Actin
Consistent with the lack of an obvious actin-binding domain in
ANI-2, we showed using an actin depolymerization assay that F-
actin is not required for targeting ANI-2 to germ cell membranes.
ANI-2 might associate with the membrane through its PH domain
or via other membrane-bound cues. However, our data do not
exclude the possibility that ANI-2 or associated partners interact
with actin. Further, actin may reinforce the germline morphology to
support a platform for anillin and centralspindlin function. While
F-actin does not recruit anillin and centralspindlin to the membrane,
it does play an essential role in maintaining germline architecture.
Depolymerizing F-actin causes the germline membranes, including
the rachis bridges, to collapse. This phenotype is more severe than
that caused by depletion of centralspindlin. Thus, while both
centralspindlin and actin play essential roles in coordinating germ-
line architecture, they have some independent roles in the gonad.
Microtubules
While the rachis bridge resembles a cleavage furrow, the
function of centralspindlin at the rachis bridge is distinct.
K. Zhou et al. / Developmental Biology 376 (2013) 13–2222Centralspindlin assembles at the cytokinetic midzone in a
microtubule-dependent manner and subsequently assembles reg-
ulators that alter the actin cytoskeleton. In contrast, we propose
that centralspindlin at the rachis bridge is localized by anillin at the
membrane and subsequently functions to regulate the microtubule
cytoskeleton by bundling microtubules at the rachis bridge.
The bundled microtubules could have a role in transport
between the germ cells and the rachis or the rachis and the
developing oocytes. We previously showed that tension generated
on the microtubules pulls the germ cell membranes around each
nucleus to maintain the nuclei at the periphery of the gonad (Zhou
et al., 2009). Thus, the microtubule cytoskeleton in the gonad is
critical for maintaining architecture. We speculate that microtubule
bundling may be important for rachis bridge maintenance. Alter-
natively, microtubule bundling may have a role in keeping the germ
cells moving in an orderly fashion at the loop region or in
promoting the membrane rearrangements that accompany oocyte
expansion to occupy the entire gonad diameter.Acknowledgments
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